A valveless micro pump, utilizing a multi-layer thin film NdFeB/Ta permanent magnet (TFPM), is presented. The micro pump consists of a diaphragm actuator, comprising a TFPM, 6µm in thickness and 3 mm in diameter, which is bonded to a membrane made of polydimethylsiloxane (PDMS) of about 80µm in thickness, together with a pump chamber and a pair of diffuser elements. TFPM is sputtered on a 50µm thick Nb sheet. The diffuser elements are used to generate a one-way fluid flow. The chamber is made of acryl plates. UV negative film resist is used to bond the different layers. Compared to sinusoidal driving signal with same amplitude, a square driving signal can generate a higher flow rate. Applying a square wave voltage, ±7.5V in amplitude, the pump flow rate attains 130µL/min at a frequency of 15Hz. The flow rate is highly dependent on frequency and driving signal type. Diaphragm displacement, pump frequency is measured and analyzed.
Introduction
Micro fluidics is a rapidly developing research area and can be applied into various fields such as chemicals, biotechnology and medical electronics (1) . A micro pump provides the actuation source in micro fluidics systems (2) . Since the first pump designed in the 1980s (3) , different types of the micropump have been developed (3)- (6) . Among these, the displacement valveless pumps have the advantage of simple design and fabrication, as well as the avoidance of clogging when pumping cells or particles. The actuation principles of micro pumps can be divided into piezo-electric, electrostatic, electromagnetic, thermo pneumatic and shape memory effect (6)- (10) . Compared with other forms of actuator, an electromagnetic actuator can provide a relatively larger force with a smaller input voltage, as a large membrane deflection and thus large stroke volume can be achieved. Research into valveless micro pumps using electromagnetic actuators on polydimethylsiloxane (PDMS) membranes by Yamahata et al. (11) and Dau et al. (12) demonstrated flow rates of about several hundreds µL/min with large membrane deflections (several hundreds µm). The force was in the range of several hundreds µN to several mN with input voltages of several volts.
For MEMS pumps utilizing electromagnetic actuation, many use thick permanent magnets as actuators. Usually the thickness of the magnetic actuator is more than 1mm due to the limitations of permanent magnet machining. The thick permanent magnet is a limitation in decreasing device size. Lee et al. (8) proposed an integrated magnetic diaphragm using an electroplated CoNiMnP permanent magnet to decrease the thickness of the magnetic film to 60µm. However, the small residual flux density (~0.2T) of the electroplated CoNiMnP magnet (13) limits the actuation force with small thicknesses.
Recently, NdFeB/Ta thin film permanent magnets (TFPM) of several µm in thickness, reported by Uehara (14) (15) , exhibited superior magnetic properties equivalent to those of bulk permanent material. The high residual flux density (~ 1.4T) and high coercivity (~1MA/m) as well as a high temperature resistance (20) 
This work describes the design, fabrication, and analysis of a valveless micro pump utilizing a thin film permanent magnet. In this paper, magnetic flux density of the TFPM and force between coil and TFPM have been simulated. A thin film multilayer NdFeB/Ta was deposited on a 50µm thick Nb sheet using a sputtering process. PDMS of about 80µm in thickness was used as the membrane. The chamber and other parts were fabricated on acryl plate by laser cutting. The diaphragm performance was tested using external electromagnetic actuation. The diaphragm displacement was measured and diaphragm stiffness was calculated. Inputting of sinusoidal and square wave signals, the diaphragm displacement was measured and diaphragm velocity was also analyzed. The flow rate was measured with input of both sinusoidal and square waves. By applying the model established by Pan et al. (18) , the calculated resonant frequency of flow rate fitted well with the measured frequency at peak flow rate. Figure 1 shows the working principle of the pump. The pump consists of an electromagnet and a pump chip. TFPM of NdFeB/Ta is bonded on a diaphragm. The external coil with a core is placed beneath the pump chip. When a current is input into the coil, electromagnetic force will be generated between the coil and TFPM, thus the diaphragm deforms. Once current direction changes, the membrane moves in the opposite direction. Diffuser components are used to connect the chamber with an inlet and an outlet. It has been proved that, for a certain range of expanding angle, the diffuser has a smaller fluidic resistance in the expanding direction, while it has a larger fluidic resistance in the converging direction (16) . This results in more liquid flowing into the chamber from the inlet than from the outlet. When the diaphragm moves downwards, more liquid flows out from the outlet. After a complete pump cycle, a net flow is generated from the inlet to the outlet. 
Pump Mechanism and Structure

TFPM Sheet
NdFeB/Ta multilayer TFPM of 6µm in thickness is deposited by magnetron sputtering through a Ti hard mask. A 200nm NdFeB layer and 10nm Ta layer are deposited sequentially at 480°C to form a thin film. The sputtering temperature exceeds PDMS's temperature limitation (~200°C) so that directly depositing TFPM on PDMS is impossible. An alternative method is to sputter TFPM on a metal sheet, followed by bonding with a PDMS membrane. Four types of metal sheet (12µm Al, 10µm Cu, 15µm Nb and 50µm Nb) were tested as the substrates for sputtering TFPM. Table 1 shows the TFPM magnetic properties on four types of substrate compared with a typical SiO 2 substrate. The heat resistance of TFPM defined by Uehara et al. (20) is about 165°C for a SiO 2 substrate. For the Al substrate, damage occurs in the sputtered areas. The temperature at the sputtered area should be higher than 480°C, which is close to the melting point of Al (650°C). Cu sheet can resist high temperature, however, the diffusion of Cu into NdFeB decreases the coercivity to around 0.6MA/m. The heat resistance also decreases from ~160°C to less than 90°C. The Nb sheet of 15µm in thickness can maintain the TFPM magnetic property, however, the residual stress after sputtering deforms the TFPM, as shown in Fig. 3 . Thus Nb sheet of 50µm was finally chosed.
TFPM magnetic flux density was first simulated with finite element method (FEM) electromagnetic field simulation software (Maxwell 3D, Ansys Inc.) and then practically evaluated with a gauss meter (Type 6010, F. W. Bell. Inc.). The Hall element in the Gauss probe is 310µm away from the measuring surface. So the magnetic flux density in the plane of 310µm distance above the surface of TFPM was measured. For the bonding of pump different layers, film resist was to be utilized and baking temperature of about 90°C was needed. Furthermore, the TFPM works in magnetic field generated by a coil (~0.1MA/m); coercivity needed also to be large enough to maintain the magnetic property. With a Cu substrate, the magnetic flux density after sputtering was lower than the simulated value. Due to the low coercivity, the measured magnetic flux density decreased after placing in magnetic field of 0.32MA/m. Heat treatment of 90°C also decreased the magnetic flux density. The Nb substrate was shown to be excellent in keeping the magnetic property of the TFPM. For the TFPM on 50µm Nb substrate, Fig. 4 indicates the simulated and measured magnetic flux density in the plane 310µm above TFPM surface. 
Pump Fabrication
For the fabrication of the top and bottom plates, as well as the channel/chamber plate of the pump chip, a CO 2 laser cutting machine (L-906PC, IIDA KOGYO Co.) was used. The PDMS (SIM-260, Shin-Etsu Chemical Co., Japan) membrane was fabricated by spin coating, followed by curing at 150°C for half an hour. The thickness, measured using a microscope (VW-6000SP, Keyence Co.) was 83µm.
The fabricated diffuser part is shown in Fig. 5 . The diffuser had the narrowest width of 190µm, broadest width of 573µm and length of 2100µm. 
Pump Test
Actuator Test
The displacement characteristic of the diaphragm was measured experimentally using a fiber displacement sensor (Model D20, PHITEC, Inc.), as shown in Fig. 7 . In this test, the chamber was not filled with liquid. In order to place the fiber displacement sensor under the TFPM and apply driving magnetic flux to the TFPM, a coreless coil of around 1500 turns was used, having an inner diameter of 5mm, an outer diameter of 75mm and thickness of 35mm. Figure 8 shows the static characteristic of the diaphragm. The force generated between the TFPM and coil was simulated by the Maxwell software. The simulated force was around 270µN when the gap between coil surface and TFPM was 0.5mm and coil input current 2A.
The measured displacement was about 15µm to 20µm. Thus the stiffness of the diaphragm was calculated to be in the range of 13N/m to 18N/m.
Signal and Liquid Effect to Displacement
Inputting two types of signal (sinusoidal wave and square wave, amplitude ±7.5V, 1Hz) into the coil, the diaphragm displacement was measured by a fiber displacement sensor. The output analog signal was converted by a 12 bit A/D converter at a sampling frequency of 1kHz. The chamber was either filled or empty of fluid. To avoid the bubbles in the chamber, ethanol was used as the liquid because of its low surface tension. Figure 9 shows the diaphragm deflection with and without the liquid. For the sinusoidal signal input, the deflection was not much different with and without liquid. A phrase lag and delay of the response existed between the driving signal and the measured displacement, this may due to the fluid inertia property. However, for the square wave signal, the diaphragm deflection with liquid was larger than that without liquid. The deflection increased from 12µm to 18µm. Analysis of this phenomenon will be researched in the future. Figure 10 shows the experimental setup for the flow rate measurement. The pump was filled with ethanol. Sinusoidal or square wave voltages were input into the coil. The coil with an iron core was utilized to increase the flux density and the diaphragm displacement. The amplitude of the voltage signal was ±7.5V and the frequency ranged from 1 to 100Hz. The flow rate was calculated by observing the liquid height variation within a certain period of time. Mainly due to the liquid height measuring resolution, the flow rate resolution is limited to around ±1.2µL/min. Square voltage
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The measured flow rate result is shown in Fig. 11 . The flow rate when applying square and sinusoidal voltages attained peaks of 130µL/min at 15 Hz, and 12µL/min at 20Hz, respectively. The flow rate difference between two types of signal may be induced by the diaphragm velocity changes.
Smooth operation of the diaphragm displacement with the chamber filled with liquid was achieved, as noted in Fig. 9 . The velocity of the diaphragm could be calculated by applying differential operation of the smoothed displacement signal, as shown in Fig. 12 . For the sinusoidal signal, the maximum velocity during a period was about 50µm/s, while for the square wave signal, the maximum velocity was calculated to be 350-400µm/s, being a factor of about 7 larger than that with the sinusoidal signal. Mane et al. (19) also mentioned this phenomenon of waveform dependence in piezoelectric actuated diaphragms. In Ref [19] , the diaphragm velocity caused by square signal is around 5~6 times larger than that of sinusoidal signal. The reason of the velocity difference caused by driving signal type would be further considered in the next period of work. 
Resonant Frequency of Flow Rate
Pan et al. (18) proposed the following formula for calculating the flow rate resonance frequency of a diffuser type pump. 
The frequency response of the coil current to voltage is shown in Fig. 13 ; f 1 is the diaphragm resonant frequency, which was measured to be 648Hz using a frequency response analyzer (FRA5022, NF, Corp.), as shown in Fig. 14; the coil cut off frequency is 14Hz. R p is the density ratio between pumping liquid and membrane material. D is the chamber height and h is the diaphragm height. α is calculated from Eq. (2), in which η is the pressure loss coefficient, here we assume η to be 2.5 according to Olsson et al. (17) . A 1 is the diffuser narrowest cross area, A 2 the broadest and A m the diaphragm area. The calculated pump frequency was around 18Hz, which is close to the frequency at which the peak flow rate was achieved. 
Conclusion and Future Work
A micro pump utilizing a TFPM, PDMS membrane, and diffusers was proposed and fabricated. A maximum flow rate of 130µL/min was realized by applying a square wave with peak to peak amplitude of ±7.5V at a frequency of 15Hz. A method of attaching TFPM on PDMS membrane was proposed. The frequency of the peak flow rate showed good agreement with the resonant frequency in the model of Pan et al. (18) . Signal type dependent flow rate was measured and analyzed. A square wave driving signal was experimentally demonstrated to have a better effect in generating a high fluid flow rate.
For future work, channel precision will be improved and a micro coil in the scale of around 10mm will be designed and utilized for driving the TFPM actuator. Driving signal type dependent flow rate will also be theoretically researched.
